Offshore and remote-location hydrocarbon production structures operate in a dynamic (unsteady state) environment where decisions continually have to be made about equipment design, construction, and operation. Such decisions and resulting subsequent actions have a significant and lasting effect on the operation, safety, and profitability of the structure. For example, during the life of an offshore structure, decisions have to be made about the number, placement, and design of separators, dehydration, sweetening or other processing units; switching times from production to injection; timing and location of multilateral branches; etc.
Introduction
shows the sequence of operations and decision making processes that some of the best upstream petroleum practices entail today. The diamonds on the illustration denote junctures that are considered as crucial go-no-go decisions. For these points there is a need for key information and knowledge to support the decision.
Today, while most of these activities or fragments of these activities are found throughout the petroleum industry, they are often disjointed, done sequentially and without regard to their inter-connectivity. Current practices are thus, almost always inefficient with some project design cycle times extending to a decade or more with substantial associated costs. This is the result of the disintegration of many independent micro-processes.
The important result is that the activation index, i.e., the required cost to activate a unit of production, is extremely high. This is particularly true in deep offshore and remote locations with large logistical and operational costs.
We are using here the term "high-intensity design" to describe a methodology and tools that seek to integrate concurrently all design processes with a common view of the overall objective A fully integrated design addressing planning, construction, and operation must encompass economics, appraisal, reservoir management, surface, underground facilities, well construction, and drilling, all with an eye on managing risks and uncertainties. Although the drivers for the design described in this work are specific to deep-water and remote locations, the technologies employed may offer advantages in less hostile environments as well. The obvious goal is to reduce cycle time and number of iterations while minimizing uncertainty and mitigating risk.
Requirements from the Reservoir
The success of the high intensity design requires realistic prediction of all likely outcomes that would impact the process. The greatest uncertainties lie with the reservoir, which is the only mechanism through which success of the project can be ascertained.
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The current practice is to manipulate hopelessly limited data about the reservoir in vain attempts to throw money at mathematical quantifications of the reservoir uncertainties. A better approach would be to incorporate sufficient contingencies in the process design to mitigate the detrimental effects of potential uncertainties. It is also critical to quantify important factors directly whenever possible.
Economics -Reserves and Recovery
The economics justifying production from deep-water and remote reservoirs must compete favorably with global project alternatives. Reference 1 offers the following example: Suppose $1 billion are available for investment. Assuming a risk-loaded discount factor of 0.5, and after tax revenue per barrel of $7.5, the target oil production rate is 182 MSTB/D. In turn, production at this rate provides a 30% rate of return on investment after 3.5 years and is equivalent to an activation index of $5500/STB/D.
In 3.5 years, the cumulative production is about 235 MMSTBO. Figure 2 illustrates the importance of the target recovery factor. If this is primary production under expansion drive, the recovery factor could be as low as 5% or less, and the initial oil in place would have to be at least 20 times the cumulative production, or 4.7 BSTBO. Globally, there are very few reservoirs of this size. Instead, pressure maintenance by water flood can deliver at least 50% of the oil in place, and the required reservoir volume would be only 470 MMSTBO.
The area to be covered by the development would be less by an order of magnitude.
Design Requirements on the Reservoir Appraisal
The appraisal process must establish sufficient in-place reserves to satisfy the project economics. For the highintensity design, the appraisal must, in addition, provide sufficient information to pinpoint applications for emerging well construction technologies that can enable delivery of production levels accommodated by the facilities design.
Structural delineation from high-resolution 3D seismic data, coupled with analog understanding of likely heterogeneities based on the presumed depositional environment provide basic data for the well construction strategy. The appraisal process must establish the presence of gas cap and aquifer associations with the oil in place. Such features may provide pressure maintaining reservoir drive mechanisms, but they also signal the need for handling excess gas or water in the facilities design.
Reservoir Management Strategy
The term reservoir management has a frequent unfortunate connotation in the petroleum industry.
Conventional exploitation typically covers a wide area with sparse well spacing to be infill drilled later as more is known about the field. Often, pressure maintenance is postponed in order to get initial production with minimal investment in facilities construction. Formation of a secondary gas cap may be tolerated in order to take advantage of solution and gas cap drive mechanisms. In contrast, Russian operators typically produce the gas first, and subsequently pressure maintenance by water injection is initiated very early in the oil zone. The Russian practice results in less water-free oil production, which can be a serious problem if not managed. In all cases, water management both in the separation facilities and in-situ is a crucial issue. It is clear that ultimate well spacing must be gradually reduced while geologically optimized to achieve high recovery factors via water flood.
Existing and emerging well construction options enable contingencies in the well design that can reduce the load on the sea floor and surface facilities design by reducing or eliminating large step changes in produced fluid phases. The ability to correct unwanted fluid entry either remotely or through well intervention are parts of the well construction design. The same intelligent completion features enable realtime 3 knowledge of reservoir fluid movements that reveal reservoir heterogeneities that represent key uncertainties in the design. The well construction design should both enable and anticipate greater understanding of the reservoir over time and incorporate features to optimize production with this additional knowledge.
The interaction between well intervention and facilities is a critical reservoir management issue. If facilities are not designed to handle large step increases in an unwanted fluid, the production is lost while the well is shut in and awaiting the corrective intervention. The high-intensity design can entertain immediate adjustment in the well delivery via remotely activated controls in the well or via greater flexibility in the facilities.
Uncertainties in the reservoir characterization may be offset by contingencies in the well design. For example, well completions should be segmented to enable shut off of unwanted fluids. This will enable avoidance of gas or water cycling, which could otherwise undermine the ability to sustain the target production rates and reduce the recovery factor.
Generally, where sand control is not a severe concern, and the number of vertical compartments is not excessive, horizontal branches may be preferred because they may reduce the total number of wells required to achieve the target production rate. In thick zones, horizontal branches may be stacked to provide sufficient reservoir coverage.
Surface and Underground Facility Components
An integrated and modular view is required to optimize gas, oil, and water handling. Early pressure maintenance via water injection ensures that the pressure at the formation level and through much or all of the plumbing is above the bubble point pressure. This, in turn, enables underground water separation and reinjection into the same formation without the complication of free gas.
The surface facility requirements are often well defined. The solution gas-oil ratio is determined from a reservoir fluid sample acquired when the vertical appraisal well segment is tested. Keeping the reservoir pressure above the bubble point ensures that the gas-oil ratio remains constant, as does the target oil rate. There is no produced water, and the water injection rate is equal to the oil voidage in reservoir barrels. In offshore locations, filtering and treatment of the seawater will be required. Possibly the seawater would be warmed slightly to provide insurance against formation of gas hydrates in the oil stream. A holding tank may be required for produced oil waiting offloading to an oil tanker.
Well Construction Strategy
Unconsolidated and poorly consolidated formations typically have high permeability and are easily damaged during drilling and completion. Sand control will probably be required. If high permeability fracturing is planned, the branch trajectory is important. In this case, the well should either be vertical or, if horizontal, aligned with the maximum stress direction in order to propagate a longitudinal hydraulic fracture.
The completion along the production or injection interval should be segmented. Each segment is instrumented to indicate the produced liquid volume from the segment and to detect water production. Hydraulically or electrically powered controls enable production from or injection into the segment to be shut off at any time. Figure 3 shows branch completion features that provide sufficient reservoir management flexibility.
With sufficient pressure maintenance, the need for artificial lift is minimized or eliminated. Flow from the branches into a common mother bore can be commingled, and a downhole oil-water separator can remove water from the production stream. Produced water could then be pumped back into the same formation in a strategic location.
Project-Oriented Knowledge Management
Designs and reservoir exploitations such as those described here will tax existing skills and will require very high-level competencies and management capabilities, currently not in wide concentration in the industry. One approach to augment the skill level of a company is through knowledge communities, described by Saputelli 2 . High-intensity design, deploying the appropriate mixture of state-of-the-art soft and hard technologies will be necessary to reduce cycle time and up-front costs. The design must integrate not only such disparate elements as reservoir, production facilities and structures but also must provide for the development, construction, operation and maintenance of the project. Continuous monitoring, data acquisition, interpretation and remote intervention will be important. Frequent and substantial changes in key design elements should be expected, anticipated and rapidly implemented.
Computer-Aided Design and Operations: The Need for Integration
The last several years have seen an increasing effort by the petroleum industry to use computer-based methods to streamline design and operations activities. Reasonable extrapolation of computer price/performance and an increasing need and willingness to adapt in environments of intense global competition and stricter government regulations suggest that this trend will accelerate. Perhaps the most compelling impetus behind computer integration of design and operations activities is the opportunity to safely coordinate (integrate) a range of individual activities, both human-and computer-based, in order to achieve overall corporate objectives. The ultimate target of computer integration is to efficiently and effectively relate dispersed individual activities to an overall corporate optimization problem that could, in turn, be safely used in optimal decision making over time.
So far, the development of a manageable, all-inclusive, design-and operations-related optimization problem has been practically beyond reach, due to enormous complexity. That complexity is manifest in algorithmic (software), hardware, as well as human-computer communication aspects of the problem. As a remedy, hierarchical decomposition and computer-aided optimal decision-making about design or operations options at each level are employed. In such an approach, decisions made at each level are directly passed to levels below it, with limited and frequently delayed inter-level information flow. The implicit assumption in the above decomposition is that the aggregate of the individually optimal decisions will be close to the overall optimal decision at each point in time. That assumption is frequently not valid because significant inter-level interactions exist. In such cases, decisions made on the basis of multi-scale, process-wide information could produce substantial benefits in comparison to level-specific decisions. For example, improvements of changeover policies (decision making during changes of production goals, equipment tune-ups, etc.) have been reported to have the potential for savings in the range of 10%. Given the size of the petroleum industry, improvements of that nature could have far reaching implications. Therefore, there exists a strong incentive to establish a framework for the formulation and solution of design-and operations-related decision-making problems that integrate as many levels as possible above the reservoir level of the Design and Operations Hierarchy (Figure 4 ). -Dimensionality and discrepancies in scales: As already stated, each level in Figure 4 is associated with a different time-scale (over which decisions are made) that can range from split-seconds, at the Regulatory Control level, to years, at the Capacity Planning & Design level. This is a natural result of discrepancies in the time-scales over which physicochemical phenomena occur. For example, time constants may be in the order of seconds or minutes for chemical reactions, minutes or hours for separations, months or years for equipment wear, and years for reservoir depletion. As straightforward as it would be, the mere combination (integration) of individual level optimization problems into one big computer-aided design and operations problem that would span all time-scales would render the dimensionality of the latter unmanageable, both in terms of required computational power and necessary human input and data interpretation. Hence the need for sophisticated integration.
-Modeling and learning: Models are needed to make predictions about expected effects of possible decisions. The use of models for decision making at each individual level of the Design and Operations Hierarchy is widespread. However, such models may have significant differences in mathematical form and predictive ability (e.g., qualitative vs. quantitative, steady-state vs. dynamic, lumped-vs. distributedparameter, deterministic vs. stochastic), and may not always constitute representations of the entire process that are consistent at all levels of detail. The form of reservoir models, for example, may range from complicated, transport-based multi-phase flow partial differential equations to simple, massbalance-based, algebraic equations. In addition, experimental conditions under which data can be used for the development or improvement of such models (learning) are not the same for all levels of the Hierarchy (e.g., steady-state vs. dynamic conditions).
-Forecasts: Several models are tested for a range of physical properties and operating scenarios to generate performance forecasts. However, these sensitivities are often mere extrapolations of business-as-usual value and operating conditions with, e.g., 10 to 20% deviation. High-intensity design would consider a much wider range of possibilities and paradigm shifts, including even macroeconomic issues such as market conditions and price fluctuations.
-Optimization paradigms: While engineering considerations dominate the lower levels of the Design and Operations Hierarchy, business concepts emerge at the higher levels. Various optimization paradigms, discussed in a subsequent section of this paper, have been proposed for use at different levels (e.g., stochastic/mixed integer-nonlinear programming, quadratic programming, linear programming, optimal control and calculus of variations, single-or multiobjective optimization). However, how to combine those paradigms, either at the conceptual or the implementation level is not obvious.
-Collection, storage, and processing of real-time data: The avalanche of data routinely collected by industrial data acquisition systems can easily overwhelm 3 both users and storage devices. For example, measurements of dozens of variables may be acquired every second from a separation process, whereas only a handful of (pseudo-) variables may capture the behavior of a process, which in turn may naturally span time-scales that cover several orders of magnitude. While standard data compression techniques (e.g., principal component analysis, partial least squares, wavelet compression, etc.) may be used to alleviate the problem, such techniques have to accommodate a variety of potential uses (e.g., monitoring, learning, control, fault detection and diagnosis) of the compressed data without removing features that are critical for each use.
-Visualization: Visualization has emerged as a critical tool in the unveiling and/or understanding of important relationships in large data sets. These data sets could be the result of measuring or simulating various phenomena. However, in order for the visualization to be effective, operators and engineers should be able to manipulate and query the data at interactive rates. In addition, effective techniques for abstracting datasets and representing multiple related variables in ways that illuminate both their joint and independent distribution are just beginning to be introduced.
-Human-Computer interface : The complexity of the integrated decision making problem is exacerbated when human-computer interaction issues are considered. The effective representation of abstract multi-dimensional data in a two-or three-dimensional space has been extensively studied in computer science but remains a challenge. When the data refer to an actual process, interrelations among data make the problem more interesting, because the number of significant clues that need to be communicated to a human is virtually always much smaller than the dimension of the raw data space. Consequently, a unifying framework is needed that will allow both software and humans involved with various levels of the Design and Operations Hierarchy to seamlessly communicate with one another in a decision making process over time.
The main argument of the above discussion is that integrated decision making over time is not merely an issue of applying established techniques to larger problems. Because of its high complexity, integrated decision making over time requires the development of new paradigms and methodologies that explicitly take into account the issues discussed above. The development of such a paradigm requires creative combination of concepts from various disciplines.
While integrated decision making systems may be internally complex, the complexity of the design (e.g., translation of qualitative engineering requirements to design parameter specifications), operation, and maintenance of such a systems should be low, to ensure successful implementation. On a related problem, Cutler 4 states that "[In the past] complexity of design and operation were traded for the simplicity of the calculation [performed by a feedback controller]. If control engineers had the computing devices of today when they began to develop control theory, the evolution of control theory would probably have followed a path that simplified the design and operation and increased the complexity of control calculations". Our opinion is that integrated decision making in the petroleum industry will rely on computer integration of several different entities, performing different functions and effectively communicating with one another as well as with humans. A broadening spectrum of process engineering activities will be delegated to computers with real-time optimization over multiple scales playing a vital role. Before that is accomplished, questions such as the following should be addressed:
* Modeling and simulation: How can a series of consistent models at different levels of detail be developed? On what elements of such models should model quality be assessed? How can first principles and experimental data be combined for the development of better models? How can model predictions be used in visualization of phenomena at multiple scales? How can humans effectively interact with computers to steer modeling or simulation efforts, either off or on-line? * Optimization: How can objectives at different levels be reconciled or combined? If objectives at different levels are combined, how can dimensionality issues (arising from combination of multiple scales) be handled? How do decisions at different levels affect one another? What are the collective properties of the overall system that arise from decisions made at individual levels?
* Learning: How can multi-scale models be developed from experimental data? When and how could multi-scale models be developed on-line? When should already developed models be refined? What conditions are conducive to "learning" at various levels of detail? Are they mutually compatible?
* Uncertainty handling: How can model uncertainty at different levels of detail be described and estimated? How does uncertainty at one level propagate to other levels?
* Feedback control and adaptation: Given that use of real-time data in decision making over time generates a feedback control law, what are the expected properties of the resulting closed-loop system? What kind of information should be fed to various levels of detail? How can a control law be designed to meet specific performance criteria? How can new knowledge and learning be used to adapt that control law? What could be the role of humans as decision makers in such control loops?
* Data processing and visualization: What data are most pertinent for process monitoring at multiple levels of detail? How can multi-dimensional, multi-scale data be presented to humans? How can fundamental relationships among data be used to reduce dimensionality? How can multi-dimensional, multi-scale data be presented so that extraction of useful information can be facilitated? How can data be compressed without loss of features that are critical in multi-level decision making? How can humans steer computers during the presentation of measurements and/or computation generated data?
A simple case study presented in the sequel illustrates the central issues of the above discussion.
Optimization Outline
The production rate of an oil well is a function of several parameters, namely, reservoir pressure, choke size, tubing size, perforation density, separator pressure, production/injection location and scheduling 5 , i.e.,
Each of these entities presents a wide choice of variables to obtain maximum production rates for optimal economic strategies and therefore require a systematic optimization study. The dynamic nature of a reservoir field, the large number of continuous and discrete oil production parameters and the high cost of drilling and processing crude oil pose a complex design and operating environment, and therefore render the problem of optimizing such an operation formidable 5, 6 .
The oil production optimization procedure should include: • Reservoir model (steady state and unsteady state)
• Tubing and flow model • Crude oil processing (e.g., separator sizing ) model.
• In-situ injection and production schedules
The optimization algorithm should be interfaced with the reservoir, equipment and processing models and coupled with an appropriate economic model to maximize the net cash flow subject to sizing, operability and safety constraints. To this end, local expenditures, such as equipment costs, drilling costs, facility costs and production costs should be corrected to their present value and added up to provide the net present value.
Successful development of computer-aided-design-andoperation model requires:
• Formulation and validation of these component algorithms for steady state and dynamic conditions, and • Coupling of these models to formulate an integrated, synchronous object-oriented software tool for design and efficient operation. The complex nature of interdependence of various parameters enumerated in equation 1 suggest that, large scale nonlinear optimization procedures should be employed 7 . In this method, the component analysis and computations should include the following:
• Dynamic system integration for large coupled nonlinear algebraic/differential equations • systems of nonlinear equations for pipeline (steady-state) analysis • nonlinear optimization for continuos and discrete variables • probabilistic failure and uncertainty analysis • sensitivity analysis, confidence intervals • Monte Carlo simulation studies.
Large-scale optimizers based on stochastic optimization and genetic algorithms (GAs) can account for such nonlinear large-scale dynamic continuous/discrete problems. GAs based on a survival of the fittest among a population of parameter families is a robust search method that follows analogies from genetic natural selection processes. Stochastic optimization addresses large-scale mixed-integer and nonlinear optimization problems under uncertainty that are solved with decomposition and recursion methods. Such optimization environments have been used effectively in the aerospace and process control industry to provide optimized designs under large-scale dynamic environments.
A Prototype Case
A case was considered for the optimization of a specific process equipment, a separator within the surface facilities of an offshore platform with a production capacity of 200 MMSCF/d of gas and 60,000 STB/d of oil. The platform had two parallel equal production trains. As production progresses and underground withdrawal continues the reservoir pressure depletes ordinarily resulting in lower production rates. This problem can be remedied by water injection, pressure maintenance and the development of a steady state production. However, one option to be examined is the pseudosteady production in which both the production rate and fluid composition vary with time. Presented below are simulations for a period of 15 years. They indicate that the sizing of the separators, even though an utterly simple optimization problem at first glance, poses some interesting challenges that are indicative of the challenges expected in problems of realistic size.
Because of artificial lift we assumed that the wellhead pressure remained constant and thus it was not a variable which would be considered in the optimization of the separators. Therefore, we concentrated on the separator and considered it as a separate isolated unit within the surface operations. Thus, we investigated the impact of production operations on the size of the separators.
A process flow-sheet was constructed to emulate the surface operations ( Figure 5 ). The effect of declining reservoir pressure and production operations (injection) on surface operations was analyzed. Some waterflooding was attempted and the resulting production water cut was simulated at various time frames (3, 6 and 9 years). This has on obvious impact on surface operations For this equipment sizing we used a reservoir fluid that consists of oil and gas to simulate a realistic composition. Water is also considered to be present. The initial feed composition to the first separator was 56% oil, 22% gas, and 22% water.
Simulations were performed to span a period of 15 years. According to the following scenario: Oil production was assumed to be decreasing every year by approximately 10% until the waterflooding. During the year of the waterflood, oil production increased by 20% after which it decreased by 10% per year. Water production increased by 10% per year until waterflooding, after which it increased by 20%. The gas-oil ratio (GOR) increased by 2% every year. These data were used to size the high-pressure (HP) and low-pressure (LP) separators ( Figure 5 ).
The cost of separators was assumed to be proportional to capacity to the 0.6 power. Figure 6 shows the separation vessel volume required to handle the entire flowrate. It indicates significant variations in the required vessel volume with changing production. From these results, at least two scenaria for potential optimization can be considered: (a) One large vessel can be installed to accommodate the largest production rates from the beginning of production until the end, or (b) A vessel size can be chosen that will perform for the first n years after which, a second vessel (or, conceivably, a series of vessels) could be installed at later times to accommodate the increasing gas and water production rates.
Analysis of Results
The two scenaria were investigated further under varying operating conditions. The objective function was the Net Present Value (NPV). Oil and gas and water production, optimization decisions, investments, etc were all considered in the determination of the NPV. The objective was to allow decisions to be made on the optimum separator configuration.
Economic analysis indicates that the initial purchase of a small vessel (that accommodates the initially large production rates experienced) followed by the purchase of a second vessel (several years later) provides a larger return on capital than the alternative choice of using one large separator throughout production. Return on Investment (ROI) larger than 11% was commonly observed when waterflooding was performed early in production (see Table 1 ). However, waterflooding late in the production life results in different investment decisions for maximum ROI. Economic analysis in that case indicates that one large vessel throughout production results in the optimum configuration. Motivated by these findings, another corollary conclusion was that waterflooding early on in the life of the reservoir significantly improves the total cash flow of the project ( Table 2) .
Year of Waterflood
Incremental NPV with Year 9 as reference 3 16% (m$ 270) 6 6 % (m$100) Table 2 : Incremental NPV using the optimal separator optimization for earlier waterfloods in comparison to a waterflood after 9 years.
Conclusions
In the preceding discussion we have argued that there exists both a need and an opportunity for the petroleum industry to consider computer-aided integration of currently fragmented decision making processes related to the design, construction, and operation activities of hydrocarbon production facilities. Such integration could have far reaching implications for the viability of the entire industry, by allowing completion of such activities in an expedient, efficient, safe, and repeatable manner. We envision a high-intensity design and operations approach to be instrumental for such integration. That approach is expected to provide methodologies for better use of existing technologies as well as the impetus for the conception and development of novel decision making and software tools. The sheer magnitude of the integration problem makes it complex. While part of the proposed integration is merely a matter of "just doing it", (through straightforward, albeit laborious, combination of existing entities) an equally significant part of it requires the development of substantial new approaches and technologies, as elaborated on in the preceding text. Such development will clearly require an interdisciplinary approach, firm commitment of resources, and a carefully orchestrated attack. Concerted efforts from academia, industry, and government, capitalizing on the synergy among theoretical methods, practical experience, and long-term vision have the potential to generate results that would be significant (indeed vital) for the wellbeing of the entire petroleum industry.
